Germline RUNX1 mutations result in a rare autosomal dominant condition characterized by qualitative and quantitative platelet defects and predisposition to the development of myeloid malignancies (familial platelet disorder with propensity to acute myeloid leukaemia, FPD/AML). Only 13 pedigrees have previously been described so far. We report on two novel germline RUNX1 mutations: (1) an out-of-frame 8 bp heterozygous deletion (c.442_449del) in an FPD/AML pedigree and (2) a de novo 3.5 Mb deletion in the 21q22.11.21q22.12 region encompassing the RUNX1 gene in a mentally retarded female patient with short stature and thrombocytopenia. Interestingly, a similar de novo submicroscopic deletion has been recently reported in the literature in a mentally retarded patient. Mental retardation is one of the most common disorders and primary causes of thrombocytopenia are rare. When occurring together, these features should prompt to test for 21q22 deletion for comprehensive genetic counselling and clinical management.
Introduction
Familial platelet disorder with propensity to acute myeloid leukaemia (FPD/AML; OMIM 601399) is an autosomal dominant disorder in which affected members have a clinical history of bleeding tendency and mild to moderate thrombocytopenia with normal platelet size and morphology, and/or abnormal platelet aggregation in response to arachidonic acid. 1 Predisposition to develop myelodysplasia and AML is another feature of this platelet disorder, with a leukaemic rate of approximately 35%. Affected individuals within the same family may present with variable clinical severity at varying ages. The disorder is located on chromosome 21q22.12, and germline heterozygous mutations in the haematopoietic transcription factor RUNX1 (also known as AML1 and CBFA2) have been identified in 13 pedigrees reported so far, including missense, frameshift, nonsense mutations and a large intragenic deletion. 2 -7 In the present study, we describe two novel germline RUNX1 mutations including a large genomic deletion influencing the clinical phenotype. We therefore suggest giving consideration to cryptic deletion of chromosome 21q22.11q22.12 in the diagnosis of unexplained mental retardation/thrombocytopenia syndromes.
Methods and results
Blood samples and clinical information from all patients analysed were obtained with approval of the institutional review boards of Nancy University hospital.
Case 1
The male proband was first seen in 1999 at the age of 2 because of purpura without history of easy bruising and bleeding. Physical examination did not reveal any abnormal findings except ecchymoses and petechiae. His blood count showed haemoglobin 13.4 g per 100 ml, normal leucocyte count 5.67 Â 10 9 /l and decreased platelet count 50 Â 10 9 /l. Peripheral blood smear examination showed platelet of normal size and morphology. Coagulations tests (APTT, PT and fibrinogen) were in normal ranges. Platelet studies showed the absence of second-wave aggregation in response to adenosine diphosphate (ADP, 10 mM) and a reduced and reversible response to collagen (2 mg/ml) and arachidonic acid (1.39 mM). ATP secretion from dense granules in response to collagen (20 mg/ml) and thrombin receptor agonist peptide (TRAP) was markedly reduced respectively (peak ATP concentration proband: 0.8 mM ATP/healthy donor: 13 mM ATP; proband: 1.3 mM ATP/healthy donor: 11.8 mM ATP). Flow cytometry analysis showed a reduced uptake and release of mepacrine, a compound selectively taken up by dense granules, 8, 9 associated with a low expression of CD63, a membrane marker of dense granule, on activated platelets. These abnormalities were in favour of platelet dense granule disorder or d-storage pool disease (d-SPD To further elucidate the genetic origin of this autosomal dominant platelet disorder, exons 3 -6 of the RUNX1 gene were amplified from genomic DNA extracted from peripheral blood samples of the male proband, his father and his mother. Primer pairs were designed as previously described. 2 The purified PCR products were bidirectionally Although the mutant mRNA level has not been studied in vitro, this out-of-frame deletion most probably corresponds to a null allele.
Case 2
This girl was first seen at the age of 10 to explore speech and developmental delay associated with short stature and microcephaly. She is the only child of unrelated healthy parents (a 19-year-old father and a 16-year-old mother at the conception). Family history was unremarkable. During gestation growth delay was reported at the fifth-month ultrasonographic examination. At the same time multiple renal cysts were also seen in the left kidney. Cytogenetic analysis on amniotic fluid was normal. She was born at full term with low weight (À3 SD), short length (À3.5 SD) and microcephaly (À3 SD). Hypotonia was present. A severe inter-atrial septal defect due to hypoplastic septum primum required surgical correction at 1 year of age. The genital examination showed hypoplastic labia majora. Micropolygyria of the right frontal and parietal area was reported by MRI. At the age of 10, clinical evaluation revealed height at À2.5 SD, with persistent microcephaly (À2.3 SD). Craniofacial dysmorphism included a prominent metopic ridge, upslanted palpebral fissures, anteverted nares, moderate telecanthus and downturned corners of the mouth with thin lips. Neurodevelopmental features included psychomotor retardation with severely delayed receptive and expressive language skills. She had not any history of bleeding. Peripheral blood analysis showed isolated thrombocytopenia (platelet count of 57 Â 10 9 /l) with a normal platelet morphology. Platelet studies revealed reduced and reversible response to ADP (10 mM) and arachidonic acid (1.39 mM). ATP secretion in response to collagen (20 mg/ml) and TRAP was markedly reduced (peak ATP concentration proband: 0.8 mM/healthy donor: 10.1 mM; proband: 0.8 mM/healthy donor: 10.4 mM). Flow cytometry analysis of dense granules showed a reduced uptake and release of mepacrine associated with a low expression of CD63. These abnormalities were in favour of d-SPD diagnosis. Membrane glycoprotein expression GPIba (CD42b) and GMP140 (CD62P) was normal before and after TRAP stimulation. GPIIb/IIIa (CD41a) expression was weakly reduced on resting and stimulated platelet. A DNA sample from the patient was analysed using the GenoSensor Array (Vysis Inc., Abbott Laboratories SA, Downers Grove, IL, USA) according to the protocols recommended by the manufacturer and as described previously. 
. Maternal 21q22.12 FISH using the RP11-422J22 probe encompassing the RUNX1 gene was normal. The father was not available for investigation.
Discussion
Heterozygous germline mutation in the RUNX1 gene (UCSC browser, March 2006: 21q22. 12: 35081968-35182857) causes FPD with predisposition to acute myelogenous leukaemia. FPD is not fatal but significantly inhibits blood clotting, which could be life threatening after surgery, injury or dental treatment. The incidence of leukaemia among affected individuals varies from 20 to 50%. The affected subjects seem to develop myeloid malignancies throughout their lifespan. FDP/AML is extremely rare worldwide with a total of 13 pedigrees identified so far. In addition to a novel two-generation family with typical FDP/AML and a frameshift RUNX1 mutation, we described in a mentally retarded patient with short stature and thrombocytopenia, a microdeletion that includes RUNX1 and several neighbouring genes. Larger chromosome deletions spanning the 21q22 region have previously been reported in patients with mental impairment and multiple abnormalities, 12 -13 unfortunately without any accurate size. To the best of our knowledge, only one similar microdeletion has been recently identified during a study of 100 children with idiopathic mental retardation and normal standard chromosomal analysis, using a GeneChip mapping 100K SNP array. 14 Only an overview of the clinical findings was reported. This patient had a short stature without major morphological anomalies. Breakpoints were mapped from SNP rs8129832 (32329260) to SNP rs10483024 (35362570) indicating a 3 Mb deletion. It would be interesting to look for a platelet disorder in this patient as the deletion includes the RUNX1 gene. Actually, this deletion shares 25 out of 29 genes included in our patient's deletion (Figure 2) . Furthermore, the author confirmed the de novo occurrence of the deletion, strengthening a disease-causing deletion in our patient. No evidence of segmental duplications or lowcopy repeats was found near any of the four breakpoints in these two patients. According to the Database of Genomic Variants, a curated catalogue of large-scale variation in the human genome (http://projects.tcag.ca/variation/), some copy number polymorphisms have been described on 21q22.11q22.12. These data can aid in the identification of potential genes that are more likely to be causative of the patients' phenotype. In addition to RUNX1 haploinsufficiency clearly involved in FDP/AML, at least four candidate genes, SYNJ1, ITSNL1, RCAN1 and CLIC6, located outside polymorphic regions, could contribute to mental retardation. Synaptojanin-1 is a nerve terminal protein that appears to participate with dynamin in synaptic vesicle recycling. 15 Intersectin 1 is a cytoplasmic membraneassociated protein that indirectly coordinates endocytic membrane traffic with the actin assembly machinery. In addition, the encoded protein may regulate the formation of clathrin-coated vesicles and could be involved in synaptic vesicle recycling. 16 The Down's syndrome critical region protein RCAN1 regulates long-term potentiation and memory by inhibition of phosphatase signalling.
17
CLIC6, a member of the intracellular chloride channel family, interacts with dopamine D(2)-like receptors. 18 Finally, inherited thrombocytopenia associated with mental retardation is an uncommon condition. The Jacobsen syndrome (OMIM 147791) with the Paris-Trousseau syndrome (OMIM 188025), the thrombocytopeniaabsent radius (TAR) syndrome (OMIM 274000) and the 22q11.2 deletion syndrome (OMIM 192430) have additional distinct clinical anomalies. Patients with Jacobsen syndrome have trigonocephaly, facial dysmorphism, cardiac defects and Paris-Trousseau-type platelet defects, ie mild thrombocytopenia with a subpopulation of platelets containing giant a-granules. TAR syndrome is characterized by severe isolated thrombocytopenia at birth that spontaneously improves after the first year of life. The absence of radii with retention of normal thumbs is characteristic and can be associated with renal and cardiac defects. In the chromosome 22q11.2 deletion syndrome, mental retardation can be associated with thrombocytopenia with large platelets in addition to conotruncal cardiac anomalies, facial dysmorphism and immunodeficiency. On the basis of these observations, 21q22.11q22.12 microdeletion could be a novel cause of mental retardation, in which a platelet disorder (thrombocytopenia and/ or abnormal platelet aggregation) would be a distinctive phenotypic manifestation. Germline RUNX1 haploinsufficiency M Béri-Dexheimer et al
